The regulation of vascular endothelial growth factor (VEGF) levels and angiogenic events during skeletal muscle regeneration remains largely unknown. This study examined angiogenesis, VEGF levels, and muscle regeneration after cardiotoxin (CT)-induced injury in mice lacking the CC chemokine receptor 2 (CCR2). Muscle regeneration was significantly decreased in CCR2 -/-mice as was the early accumulation of macrophages after injury. In both mouse strains, tissue VEGF was similar at baseline (no injections) and significantly decreased at day 3 post-CT. Tissue VEGF in WT mice was restored within 7 days post-injury but remained significantly reduced in CCR2 -/-mice until day 21. Capillary density (capillaries/mm 2 ) within regenerating muscle was maximal in WT mice at day 7 and double that of baseline muscle. In comparison, maximal capillary density in CCR2 -/-mice occurred at 21 days post-injury. Maximal capillary density developed concurrent with the restoration of tissue VEGF in both strains. A highly significant, inverse relationship existed between the size of regenerated muscle fibers and capillaries/mm 2 . While this relationship was comparable in WT and CCR2 -/-animals, there was a significant decrease in the magnitude of this response in the absence of CCR2, reflecting the observation that regenerated muscle fiber size in CCR2 -/-mice was only 50% of baseline at 42 days post-injury while WT mice had attained baseline fiber size by day 21. Thus, CCR2-dependent events in injured skeletal muscle, including impaired macrophage recruitment, contribute to restoration of tissue VEGF levels and the dynamic processes of capillary formation and muscle regeneration.
Introduction
Tissue responses following skeletal muscle injury are highly complex and coordinated processes involving the interactions of many different cell populations that promote angiogenesis and muscle regeneration. A better understanding of the interactions of these complex events may promote therapies that will improve tissue regeneration.
For instance, macrophage depletion results in impaired muscle regeneration (37, 42); these cells may be directly involved in skeletal muscle regeneration through the removal of necrotic debris (12), the production of growth factors (27, 41), or the modulation of angiogenesis (25, 28, 29, 38). Thus, diminished monocyte/macrophage recruitment following injury could have profound effects upon the muscle reparative process via impairments in angiogenesis.
Monocyte chemotactic protein-1 (MCP-1, also known as CCL2) and its CC chemokine receptor 2 (CCR2) are important in monocyte/macrophage recruitment to sites of injury (7) . Previously, we have documented impaired macrophage recruitment into ischemia-injured muscle in CCR2 -/-mice in conjunction with delayed muscle regeneration despite normal restoration of perfusion by scanning laser Doppler imaging (8). These observations are consistent with extensive reports of impaired macrophage recruitment in CCR2 -/-mice (3, 14, 19, 22, 23, 26, 30, 46) . Nevertheless, the role of the MCP-1/CCR2 axis on angiogenesis in relation to skeletal muscle regeneration following myofiber injury has been poorly defined. Given the importance of angiogenesis in muscle regeneration (4, 5) , we hypothesize that impairments in muscle regeneration in CCR2 -/-mice result from decreased angiogenesis.
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The aim of the current study was to comprehensively examine the consequences of CCR2 deficiency on the relationship between muscle regeneration, tissue vascular endothelial growth factor (VEGF) levels, and capillary density following cardiotoxin (CT) injury of mouse hind limb muscles. CT is derived from snake venom and contains many different lytic factors. The toxins work primarily through forming pores that cause depolarization and degradation of the muscle plasma membrane [reviewed in Harris (13)]. CT injection results in muscle necrosis with a subsequent inflammatory and regenerative response similar to the injury-repair response observed in muscle after ischemic injury (8). Since impairments in collateral artery formation (arteriogenesis) have been variable after the induction of hind limb ischemia in CCR2 -/-mice (8, 14, 39), a CT injury model was used to preferentially investigate capillary formation (angiogenesis) while limiting the influence due to possible differences in arteriogenesis between mouse strains.
Materials and Methods

Experimental Animals
CCR2-/-mice on a C57Bl/6J background were derived as previously described (19) and backcrossed to C57Bl/6J mice from Jackson Labs (Bar Harbor, Maine) for 6
generations. Original CCR2 -/-breeders were a kind gift from William A. Kuziel (Protein Design Labs, Fremont, CA). CCR2 -/-mice on the C57Bl/6J background were bred at the Audie Murphy Veterans Hospital and C57Bl/6J wild type (WT), control mice were purchased from Jackson Labs. Male mice 4-6 months old were used in this study.
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Mice were sacrificed at baseline (no injections) and at various time points following CT and NS injections (days 1, 3, 7, 14 and 21, n=4/time point) and AC muscles of the hind limb were removed en bloc, weighed and immediately utilized to prepare tissue lysates as previously described (34).
Measurement of Protein, Lactate Dehydrogenase (LDH) Activity, MCP-1, and VEGF.
Protein in tissue lysates was determined by the Pierce BCA™ protein assay (Pierce Biotechnology, Inc., Rockford, IL), using a microtiter plate format; bovine serum albumin (BSA) from ICN Biomedicals Inc. (Costa Mesa, CA) in lysate buffer was used as the standard, as previously described (34). Absorption in all microtiter plate assays was monitored in a SpectraMax Plus plate reader (Molecular Devices, Sunnyvale, CA) and results analyzed with SOFTmax PRO software. Reaction rates (Vmax) for LDH were determined as previously described (34). LDH activity was normalized to mg of protein measured in each lysates and expressed as U/mg protein.
Murine MCP-1 (BioSource, Camarillo, CA) and VEGF (R&D Systems, Minneapolis, MN) tissue levels were assessed by an enzyme-linked immunosorbent assay (ELISA) by as per manufacturer's protocol with slight modification; the VEGF assay measured murine VEGF 164 and VEGF 120 . Standards and unknowns were diluted in lysate buffer, adjusted for the amount of protein in the tissue lysates and results expressed as pg/mg protein, as previously described (34). The dynamic range was 78-1000 pg/ml and 7.8-500 pg/ml for MCP-1 and VEGF, respectively. 
Determination of Percent Total Body Fat
Tissue Macrophage Quantification
Tissue macrophages at day 3 post-CT injection were measured using FACS as previously described (8). Briefly, all the muscles between the knee and ankle were removed from WT and CCR2 -/-mice 3 days post-CT. Cells were enzymatically dissociated by incubation in a solution containing 1% collagenase type II and 2.4 units/ml dispase (both from Invitrogen Corporation, Carlsbad, CA) in phosphate-buffered saline (PBS) supplemented with calcium chloride to a final concentration of 2.5 mM at 37 °C for 90 min. The suspension was passed through a 40 µm cell strainer (BD Biosciences, San Jose, CA). The filtrate was centrifuged at 350 g to harvest the dissociated cells which were further quantitatively analyzed for macrophages by FACS. Macrophages were defined as CD11b+/Gr1-cells. For this assay only, CT was injected in the anterior and posterior compartment muscles of bilateral legs and all four compartments were harvested and combined to create a single cell suspension for each mouse for FACS analysis, n=5 mice/strain. The absolute number of macrophages was determined in the single cell suspension and divided by the weight of the harvested tissue. For morphometric analyses, 2-3 µm cross-sections were obtained through the mid portion of the AC specimen and stained with H&E. Additional sections were processed for capillary density. The TA is the largest muscle in the AC and was easily identifiable in the cross-sections. Within each section, four non-overlapping areas of the TA muscle were digitally captured (20x magnification) using phase contrast microscopy to enhance the identification of cell borders and lectin staining; areas containing large blood vessels or fibrous tissue bands between muscle bundles were excluded and care was taken to avoid TA specimen with tangential or longitudinal presentation of myofibers. For each histomorphometric parameter, results from all images derived from a given section were averaged to obtain a single value for each animal.
Histology and Histochemistry
In each of the digitally captured images, intermuscular adipocytes (i.e., between and among individual muscle fibers in a given muscle bundle) were manually outlined and divided by the total area of the image (0.278 µm 2 ) to calculate the percent fat.
The average cross-sectional area (µm 2 ) of individual muscle fibers for a given animal was determined after manually outlining individual muscle fibers in each of the digitally captured images for a given TA; fibers that were only partially present within the images were excluded from fiber size analysis. Only regenerated fibers, identified by the presence of centrally-located nuclei (6), were measured in post-CT specimen, whereas in baseline specimen, only fibers with peripherally-located nuclei (i.e. mature, non-regenerated fibers) were measured for both WT and CCR2 -/-mice.
Capillary counts were performed on TA specimen using the 4 fields described above. The number of capillaries and muscle fibers in each image were counted using NIS-Elements Software (Nikon). Only capillaries associated with muscle fibers were counted and expressed as capillaries/muscle fiber (C:F). In addition, areas of fat, fibrosis and residual necrosis were manually outlined and subtracted from the total area and capillary density was expressed as capillaries/mm 2 . Extensive muscle necrosis was present in TA specimens shortly following CT injection precluding quantification of capillary density until 7 and 14 days post-injury in WT and CCR2 -/-mice, respectively.
Data Analysis
SAS software (SAS, Cary, North Carolina) was used for all statistical analyses.
Results from corresponding time points of each group were averaged and used to calculate descriptive statistics (mean + SEM). All statistical testing was two-sided with a significance level of 5%.
Protein/weight, weight, LDH activity, fiber cross-sectional area, capillary density VEGF and MCP-1 data were analyzed by a Dunnett-corrected multiple comparisons procedure utilizing a 2-way analysis of variance of least square means to determine whether significant differences existed at different time points (1, 3, 7, 14, 21, 28 , and 42 days after injection) compared to baseline values. Bonferroni-corrected p values were used to determine significant differences between WT and CCR2 -/-mice at individual time points. For lysates samples with MCP-1 below the level of detection in the ELISA (<78 pg/ml), a value of 78/ 2 pg/ml was assigned to these samples (16) terms of cross-sectional area, day, and the interaction.
Results
CT-induced Changes in Muscle Weight and Lysate Protein Content
Tissue weight of the AC muscles was measured following CT injection as an indication of injury and edema. In the NS-injected AC muscles, there were no significant differences in weight compared to baseline values in either mouse strain (data not shown). In both WT and CCR2 -/-mice ( These results suggested impaired protein production in regenerating muscle following injury in CCR2 -/-mice.
Histologic Evaluation of Muscle Injury, Inflammation and Regeneration Post-CT Injection
In the control, NS-injected muscle of both mouse strains, there were rare foci of skeletal muscle regeneration, a pattern that corresponded to muscle damage incurred by the needle. Furthermore, the NS-injected specimen exhibited a similar histologic appearance as baseline specimen. In WT mice, at day 1 after CT injection, skeletal muscle injury was widespread and an inflammatory infiltrate consisting mainly of polymorphonuclear neutrophilic leukocytes (neutrophils) was present in conjunction with edema ( Fig. 2A) . Irreversibly injured myofibers were easily identified as intensely eosinophilic cells lacking nuclei. At 3 days, a robust, predominately mononuclear, inflammatory infiltrate was evident within injured muscle in WT animals ( 
CT-induced Changes in Macrophage Recruitment
Quantification of tissue macrophages (cells x10 LDH activity post-injury in WT mice remained significantly decreased at day 7 (p=0.002) but was similar to baseline by day 14. In contrast, LDH activity in CCR2-/-mice was significantly (p<0.001) decreased at days 3, 7 and 14. Furthermore, LDH activity was significantly (p=0.01) decreased in CCR2-/-mice compared to WT mice at day 14. This enzymatic measure of tissue injury and repair paralleled the histological changes of muscle injury and regeneration described above.
Histomorphometry was used to determine the cross-sectional area of regenerating fibers at various time points after injury in WT and CCR2 -/-mice. At baseline, the cross-sectional area of mature muscle fibers of both WT and CCR2 -/-mice was similar (Fig. 3B) . Following injury, the cross-sectional area of regenerated muscle fibers in WT mice at day 7 was significantly (p<0.001) smaller than that of uninjured fibers at baseline, however, the size of regenerated fibers progressively increased thereafter and returned to values similar to baseline by day 21. In contrast, the cross-sectional area of regenerated fibers of CCR2 -/-mice was significantly (p<0.001) decreased through day 42 post-CT injection. In fact, the fiber cross-sectional area in CCR2 -/-mice was approximately half of baseline values 42 days after injury. Furthermore, the cross-sectional area of regenerated myofibers in CCR2 -/-mice was significantly (p<0.001) decreased at all post-CT time points compared to WT mice.
Percent Total Body Fat and Intermuscular Fat Accumulation
No significant differences were observed in the PIXImus-measured percent total body fat of baseline WT or CCR2 -/-mice (15.7%+0.6 and 17.5%+0.9, respectively, n=10-11 mice/strain).
Intermuscular fat in regenerated muscle was estimated by histomorphometry. At baseline, no intermuscular fat was identified in either mouse strain. CCR2 -/-mice had significantly (p<0.02) increased intermuscular fat at days 14, 21, and 28 compared to WT mice (Fig. 4) .
Tissue Levels of MCP-1 and VEGF Post-CT Injection
Levels of the CCR2 ligand, MCP-1, were measured in the post-CT tissue lysates derived from the AC muscles. At baseline, MCP-1 was not detectable in the AC muscles of either WT or CCR2-/-mice but increased in both strains following CT injections (Fig.   5A ). In WT mice, MCP-1 levels were significantly (p<0.01) increased over baseline at post-CT days 1 (255+32 pg/mg) and 3 (116+27 pg/mg) with maximal MCP-1 levels occurring at day 1. In CCR2 -/-mice, MCP-1 levels were significantly (p<0.03)
increased over baseline at post-CT days 3 (931+150 pg/mg) and 7 (410+114 pg/mg) with maximal MCP-1 levels occurring at day 3. Furthermore, MCP-1 levels were significantly (p=0.04) increased in CCR2 -/-mice at post-CT day 3 compared to WT mice. Thus, CCR2 -/-mice were characterized by an increased and sustained level of tissue MCP-1 compared to WT mice.
VEGF levels were also measured in the AC tissue lysates. At baseline, similar levels of VEGF were observed in both mouse strains (80+2 vs 77+4 pg/mg) (Fig. 5B) .
Subsequently, tissue VEGF in WT mice decreased below baseline (p<0.001) only at day 3 post-CT before returning to baseline at day 7. In contrast, tissue VEGF was significantly (p<0.002) decreased in CCR2 -/-mice at post-CT days 1, 3, 7 and 14 before returning to baseline at day 21. Thus, CCR2 -/-mice had a more rapid and sustained decrease in VEGF tissue levels and were significantly (p=0.002) decreased in CCR2 -/-mice at 7 days post-CT compared to WT mice.
Capillary Density Post-CT Injury
Capillary density was measured in baseline and post-CT in TA muscles of CCR2 -/-and WT mice and expressed as either C:F or capillaries/mm 2 . In CT-injured muscles, only areas of regeneration (identified by centrally-located nuclei in the muscle fibers)
were used. Widespread muscle necrosis was evident in both strains acutely following CT injection such that capillary density could not be reliably quantified at the early time points of 1 and 3 days post-CT. Not until post-CT day 7 in WT and day 14 in CCR2 -/-mice was quantification of capillary density possible.
At baseline, there were no significant differences in C:F (2.12+0.05 vs 1.83+0.12) (Fig. 6A ) or capillaries/mm 2 (974+34 vs 1052+69) (Fig. 6B ) in the TA of CCR2 -/-and WT mice, respectively. However, in the post-CT TA, C:F was significantly (p=0.003) increased in WT mice at day 21 compared to baseline (Fig. 6A) . In contrast, C:F was significantly (p<0.004) decreased in CCR2 -/-mice compared to both baseline and WT mice (Fig. 6A ) at days 14, 21, 28 and 42.
A different pattern emerged when capillary density was expressed per area ( 
Inverse relationship between muscle fiber cross-sectional area and capillary density during skeletal muscle regeneration
The relationship between capillary density and regenerating muscle fiber size in WT and CCR2 -/-mice was examined (Fig. 8) . With WT mice, capillary density (capillaries/mm 2 ) was significantly and inversely related to muscle fiber size (R 2 =0.80;
p<0.001) when baseline values were included (Fig. 8A ). The inverse relationship was maintained when baseline values were excluded (Fig. 8B) and consistent with the observation that capillary density and muscle fiber size returned to baseline following injury in WT mice. In contrast, the cross-sectional area of regenerated fibers in CCR2 -/-animals was only 50% of baseline after 42 days. Thus, when baseline observations from CCR2 -/-mice were excluded, a similar, inverse correlation existed as observed in WT mice (Fig. 8B) 
Discussion
The present study examined the effects of CCR2 upon tissue levels of VEGF in relation to the processes of angiogenesis and skeletal muscle regeneration. While tissue VEGF was similarly decreased in both WT and CCR2 -/-mice after injury, VEGF returned to baseline at day 7 in WT mice but remained decreased until day 21 in CCR2 -/-mice. Interestingly, maximal capillary density (capillaries/mm 2 ) post-injury developed concomitant with the restoration of tissue VEGF to baseline levels in both mouse strains.
Further, muscle regeneration was severely impaired in CCR2 -/-mice attaining only 50% of baseline fiber size at 42 days post-injury while WT mice were similar to baseline by 21 days. Taken altogether, these findings indicate that CCR2-dependent events not only promote angiogenesis and subsequent muscle regeneration, but also modulate tissue VEGF levels in the inflammatory microenvironment to alter the balance of capillary formation and regression following muscle injury.
Initially identified as important for monocyte/macrophage recruitment (7, 19) , While VEGF is important in angiogenesis, it also influences muscle regeneration.
VEGF receptor-1 and -2 are present on satellite cells and regenerating muscle fibers (2, 11). VEGF also enhances myoblast migration in vitro and prevents apoptosis of myoblasts in cell culture and in skeletal muscle following ischemia (11). In addition, over-expression of VEGF-A improved muscle fiber reconstitution in a dose dependent fashion following ischemic and toxic injury (2) . Thus, VEGF may contribute to the reparative process by enhancing both angiogenesis and muscle regeneration. Indeed, in the present investigation, major increases in muscle fiber size occurred in both mouse strains only after restoration of tissue VEGF to baseline.
In this study, VEGF was constitutively present in skeletal muscle prior to injury.
Following CT injection with extensive muscle necrosis and inflammation, tissue VEGF decreased acutely in both mouse strains followed by a subsequent differential restoration to baseline values. In contrast to the current observations, previous studies have documented an increase in muscle VEGF protein (9, 21) and mRNA (24) To determine the effects of CCR2 deficiency on angiogenesis, capillary density was analyzed. Parameters commonly used to objectively define capillary density often include capillaries/mm² and C:F, however, C:F may be more representative of muscle fiber size when significant differences in muscle fiber size are present. Thus, capillary density expressed as capillaries/mm² may be a better measurement of angiogenesis during skeletal muscle regeneration given the progressive increases in muscle fiber size to baseline over time.
Capillary density (capillaries/mm²) was maximal and double that of baseline muscle within 7 days after injury in WT mice; this time point corresponded to restoration of tissue VEGF to baseline and regeneration of muscle fibers. Interestingly, the subsequent reduction of capillary density to baseline paralleled an increase in regenerated muscle fiber size in WT mice. It is conceivable that this vascular remodeling results from the production of angiostatic factors within the regenerating tissue (20) . Similar patterns of capillary formation and regression observed in WT mice were also exhibited in the CCR2 -/-animals, albeit in a delayed fashion. As tissue VEGF levels were restored to baseline at 21 days in CCR2 -/-mice, capillary density was maximal in CCR2 -/-animals. Previously, we reported similar capillary density in WT and CCR2 -/-mice after ischemic injury (8). However, a single, 21 day time point was examined and it is conceivable that significant differences in capillary density between WT and CCR2 -/-mice existed before and after the 21 day time point. The current study represents a more comprehensive approach to estimation of capillary density than our previous report after ischemic injury (8). These combined results support the hypothesis that a temporallysequenced integration of angiogenic and angiostatic events is crucial in the normal progression of skeletal muscle fiber regeneration following injury.
The present study also demonstrated an interesting inverse relationship between regenerated muscle fiber size and capillary density (capillaries/mm 2 ) in both mouse strains ( Fig. 8B ) and suggests that establishment of a capillary network is essential for regenerating muscle fiber growth. Growing, regenerating muscle fibers probably have an increased need for nutrient delivery, which can be accomplished by increased capillary density. As the fiber attains baseline size, the metabolic demands may decrease, leading to the expression of angiostatic factors (20) and the regression of capillaries.
Conceivably, the establishment of capillary networks may be significantly affected by macrophage infiltration since restoration of VEGF and maximal capillary/mm 2 in WT mice occurred only after robust macrophage accumulation at day 3 whereas in CCR2 -/-mice, macrophage accumulation was severely reduced, VEGF restoration delayed, maximal capillary density postponed, and muscle regeneration impaired. Despite the altered events in CCR2-/-mice, it is interesting to note that the inverse relationship between fiber size and capillary density in regenerating muscle was maintained in both mouse strains.
This study also documented significant increases in intermuscular adipocyte accumulation in the regenerating muscle of CCR2 deficient mice following CT injury; similar results have also been observed in ischemic (8) and freeze-injury (43) Interestingly, the histologic appearance of injured muscle was similar after ischemic (8) and CT-induced injury. Furthermore, recovery from freeze-induced injury (43) was also similar in CCR2 -/-mice, i.e., impaired muscle regeneration with increased intermuscular fat accumulation. Thus, regardless of the method used for muscle injury, the inflammatory and regenerative responses were remarkably similar in all three injury models. Moreover, while CT injury may not directly mimic human disease, the subsequent inflammatory and repair process induced after CT injury is likely similar to that which occurs in humans following necrotic muscle injury.
With the combined observations from our current and previous studies (8, 33, 34), a working model has been developed to describe the temporal sequence of cellular and mediator events of inflammation, angiogenesis, and skeletal muscle regeneration (Fig. 9 ).
In brief, following acute injury, widespread muscle necrosis and injury recruits inflammatory cells, initially neutrophils, to the injured tissue (day 1). At the same time, endothelial cell production of MCP-1 promotes recruitment and activation of macrophages. As neutrophils are replaced by macrophages, phagocytosis of the extracellular matrix and angiogenesis are initiated and followed by myogenic progenitor cell proliferation. During the removal of necrotic tissue, tissue LDH and VEGF levels decrease (day 3). VEGF restoration subsequently occurs to facilitate an increase in endothelial cells (i.e., maximal capillary density at day 7), macrophage infiltration regresses, and muscle progenitor cells continue to proliferate and differentiate into myoblasts. Established capillary networks allow for effective muscle regeneration with restoration of tissue LDH activity as myoblasts continue to undergo differentiation and fusion (day 14). As muscle fiber size increases, the metabolic demand of the growing muscle fiber decreases, and capillary density regresses as regenerated fibers attain a normal size. Thus, muscle fiber size and capillary density demonstrate an inverse relationship and may ultimately influence each other to maintain homeostasis at baseline levels (day 28).
In summary, the results of the present study document that CCR2-dependent impairments in macrophage accumulation and reductions in tissue VEGF were juxtaposed and followed by delayed angiogenesis and impaired skeletal muscle regeneration. Most notably, capillaries/mm 2 in both mouse strains were maximal when tissue VEGF was restored to baseline and capillaries/mm 2 returned to baseline in WT mice concordantly with the growth of muscle fibers to a normal cross sectional area. In the absence of CCR2, alterations in this sequence of events leads to the conclusion that CCR2-dependent events in regenerating skeletal muscle contribute to the restoration of tissue VEGF levels and to the subsequent dynamic process of capillary formation and muscle regeneration. Further studies are required to more precisely define the cellular mechanisms that regulate angiogenesis during skeletal muscle regeneration Baseline specimen for both WT and CCR2 -/-mice did not contain any intermuscular fat and were defined as "ND", not detectable. 
